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Abstract
Within hierarchical structure formation models, mergers are known to play an
important role and to cause large changes in galaxies, including morphological
transformations or starburst episodes. On the scale of low mass galaxies,
interesting new types of interactions are possible. Dwarf galaxies are expected
not only to experience significant mergers with other galaxies, but likely also
with halos devoid of stars. To estimate the importance of mergers with dark
satellites on the recent lives of dwarf galaxies we have coupled a semi-analytic
galaxy formation model to a large cosmological N-body simulation. This
allows us to trace the merger histories of a sample dwarf galaxies with present-
day virial masses in the range 108− 1010M⊙. We have found that roughly 27%
of these dwarfs have experienced at least a 20% virial mass ratio merger since
z ∼ 2, and 11% since z ∼ 0.5. For a system withMvir ∼ 109.5 M⊙ (comparable
in mass to the Fornax dwarf spheroidal galaxy), the probability that it has
experienced such a merger in the last 2 Gyr, and hence whose consequences
might still be observable, is 4%. We also find that dark satellites are generally
much more massive that the stellar components of the dwarf galaxies at the
time of infall, and that in a small fraction of the cases already have their first
pericentric passage close to the stellar disk. Their influence on the evolution of
dwarf galaxies should therefore not be neglected.
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5.1 Introduction
The formation of structure in our Universe is thought to come about in
a hierarchical fashion: with the highest density peaks collapsing first and
growing by the gravitational accumulation of more and more matter (Peebles
1982; Blumenthal et al. 1984; Davis et al. 1985; Fakhouri & Ma 2008; Neistein
& Dekel 2008; Cole et al. 2008). Within matter overdensities galaxies grow as a
result of gas inflow, accretion of satellites, andmajor andminor mergers. Much
work has been done to characterize the effects these mergers have on galaxies,
to trace their morphological transformation and thereby connect evolution to
the observed diversity in galaxy morphology (e.g. Toomre & Toomre 1972;
Toomre 1977; Barnes 1988; Hernquist 1989; Barnes &Hernquist 1992;DiMatteo
et al. 2007, 2008; Cox et al. 2008; Bournaud 2011).
The observed properties of galaxies can be used to constrain the importance
of the various processes involved in galaxy evolution. For example the
existence of thin disk and bulge-less galaxies is often assumed to be indicative
of a (recent) quiet merger history (Toth & Ostriker 1992; Walker et al. 1996;
Wyse 2001; Kormendy & Fisher 2005; Kautsch et al. 2006; Stewart et al. 2008,
2009; Hopkins et al. 2009). On the other hand, a significant fraction of
starbursting systems and irregular or peculiar galaxies (see for example Arp’s
Atlas of peculiar galaxies, Arp 1966) are thought to be in or to have recently
experienced a merger or a tidal interaction (e.g. Ellison et al. 2011; Willett et al.
2015; Kaviraj 2014a,b; Paudel et al. 2015).
In this context a very relevant prediction from current large cosmological
simulations is the expected merger fraction of galaxies. Fakhouri & Ma (2008);
Fakhouri et al. (2010) describe the merger fraction of halos over a range of
present day masses, merger mass ratios, and redshifts, and the dependence on
these three quantities. They find that the mean merger rate per halo is nearly
independent of the descendantmass (the mass of the halo in question at z = 0),
and that the merger rate is nearly independent of redshift when calculated per
redshift unit (Fakhouri et al. 2010 see also Berrier et al. 2006; Genel et al. 2009).
On the other hand, Gottlo¨ber et al. (2001) argue that the merger rate depends
on the environment of the halos, with higher rates in the field than in groups
than in clusters.
Less attention has been paid to the effect of mergers on low mass galaxies.
Observationally starbusts and irregular features and kinematics have been
reported in the literature (Taylor et al. 1995; Gil de Paz et al. 2003; Ekta &
Chengalur 2010; Lo´pez-Sa´nchez 2010; Holwerda et al. 2013; Lelli et al. 2014b;
Knapen & Cisternas 2015), although the link to a merger is less clear (Brosch
et al. 2004; Ekta & Chengalur 2010; Lo´pez-Sa´nchez 2010; Lelli et al. 2014b;
Paudel et al. 2015) and other explanations for such peculiarities have been
suggested (e.g. Verbeke et al. 2014; Meurer et al. 1998; van Zee et al. 2001;
Lelli et al. 2014a; Elmegreen et al. 2012; Bekki & Freeman 2002). Theoretically,
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mergers between dwarf galaxies have mostly gained attention in the context of
the Local Group (e.g., Yozin & Bekki 2012; Kazantzidis et al. 2011; Łokas et al.
2014; Angulo et al. 2009; Klimentowski et al. 2010; Ashley et al. 2013; Deason
et al. 2014; Amorisco et al. 2014; Łokas et al. 2014).
Dwarf galaxies are known to be very inefficient at forming stars (Blanton
et al. 2001; Robertson & Kravtsov 2008), and to have very low baryon fractions
(Gnedin 2000; Hoeft et al. 2006; Crain et al. 2007). This results in a halo mass–
stellar mass relation that drops sharply toward lower masses (Guo et al. 2010;
Behroozi et al. 2013a; Moster et al. 2013; Kormendy & Freeman 2016; Garrison-
Kimmel et al. 2014; Sawala et al. 2015). Moreover, while small dark matter
halos are abundant, they are predicted to be strongly affected by reionization,
photo-evaporation, and/or supernova feedback ( forMvir . 109M⊙), (Gnedin
2000; Hoeft et al. 2006; Kaufmann et al. 2007; Okamoto et al. 2008; Gnedin et al.
2009; Li et al. 2010; Sawala et al. 2013; but see also Taylor & Webster 2005;
Warren et al. 2007). As a consequence, dwarf galaxies experiencing a merger
will be more vulnerable to tidal effects and the satellites of dwarf galaxies will
be predominantly dark (Helmi et al. 2012).
In fact, in Chapter 2, and Chapter 3 we have studied the possibly life-
changing event that a minor merger with a dark satellite can be for a dwarf
galaxy. As described in those Chapters, such events can lead to drastic changes
in the morphology, structure, kinematics, and star-formation history of a low
mass galaxy. In Chapter 4 we identified a set of observables and quantitative
indicators that could be used to establish if dwarf galaxies are experiencing
such encounters. Given their tentatively dramatic impact on the evolution of
dwarf systems, it is important to establish the likelihood of such events, i.e. to
quantify the expected rate of occurrence of minor mergers between low mass
galaxies and dark satellites.
Based on the Aquarius simulations of six Local Group-like environments
(Springel et al. 2008), Helmi et al. (2012) have estimated that a dwarf galaxy
with a galaxy efficiency of ηgal = M⋆/(Mvirfbar) ∼ 5%, where fbar = 0.17, the
cosmic baryon fraction, experiences on average 1.5 encounters with a satellite
that at first pericenter is at least as massive as the dwarf’s stellar disk. In this
Chapter we extend this analysis to much larger scales, larger mass ranges in
centrals and satellites, and a larger variety of galaxy environments. We will
not just trace the merger fraction for dark matter halos, but estimate this for
dwarf galaxies merging with dark satellites for different redshift ranges and
lookback times.
To this end, we combine the cosmological N-body simulation Millennium-
II (Boylan-Kolchin et al. 2009) with a semi-analytic model of galaxy formation
and explore the merger histories of a sample of dwarf galaxies in the original
simulation, and in two scaled down versions. The advantage of the scaled
versions is that they allow us to follow the dynamics of lower mass substruc-
tures, i.e. originally below the resolution limit of Millennium-II. On the other
5.2. Method 115
hand, particularly for the scale we are interested in, the semi-analytic galaxy
formation model is needed to identify which low mass halos have stars and
which have remained dark.
This Chapter is organized as follows. In Sect. 5.2 we shortly describe the
Millennium-II simulation, the scaling toward lower masses, and the semi-
analytic code. We also describe in this section some properties of galaxies
with emphasis on the selected sample of dwarfs. In Sect. 5.3, we trace their
merger histories, particularly with dark infalling satellites, and compute the
merger fractions. We also explore some of the properties of the mergers and
their environment. Lastly, we discuss our results in Sect. 5.4 and present our
conclusions in Sect. 5.5.
5.2 Method
We apply the semi-analytic modeling code from Starkenburg et al. (2013) (see
also Li et al. 2010), to the large cosmological N-body simulation Millennium-
II (Boylan-Kolchin et al. 2009). We will here give a short description of the
N-body simulations, the post-processing, and the semi-analytic model, while
more details can be found in the respective papers.
5.2.1 Millennium-II
Millennium-II is a large cosmological N-body simulation run using a version
of the GADGET Tree-PM code (lastly described in Springel 2005; Springel
et al. 2001b). It models the formation of structure following 21603 particles
in a comoving box of side length L = 100 h−1Mpc3 with a particle mass of
6.885×106 h−1M⊙ and a Plummer-equivalent force softening of 1 h−1kpc. The
mass resolution means that a halo corresponding to a Milky Way-like galaxy
will have∼ 105 particles and the halo of a dwarf galaxy ofMhalo = 2× 108M⊙
will be just above the resolution limit of 20 particles. The concordance
cosmology assumed is described by Ωtot = 1.0, Ωm = 0.25, Ωb = 0.045,
ΩΛ = 0.75, h = 0.73 km/s/Mpc, σ8 = 0.9, and an initial power law index
of ns = 1. The Millennium-II simulation has 8 outputs at very high redshifts
and 60 between z ∼ 20 and z = 0, spaced in approximately equal logarithmic
redshift bins. For all results presented in this paper we focus on the evolution
at z ≤ 2.
The N-body simulation is post-processed to identify and compute the
properties of dark matter halos, gravitationally self-bound subhalos, and to
construct merger trees. At each snapshot Friends-Of-Friends dark matter halos
are identified using a FOF group-finder (Davis et al. 1985)with a linking length
of 20% of the mean interparticle separation. Self-bound halo substructure is
subsequently identified using the SUBFIND algorithm (Springel et al. 2001a)
which finds local density maxima in the FOF-halos and performs an unbinding
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Figure 5.1 – The virial mass function of central subhalos at z = 0 for the original Millennium-II
simulation (black), mass-scaled by a factor 10 (red), and mass-scaled by a factor 100 (blue). Note
that this plot shows the mass function of the individual subhalos that are the central halos in their
FOF-group, and not the mass function of the FOF-halos themselves.
procedure to determine which particles of the FOF-halo are bound to the
individual density peaks. All self-bound structures with at least 20 particles
are classified as subhalos. With these subhalos merger trees are constructed
constrained by the requirement that each subhalo has at most one descendant.
This descendant is the subhalo in snapshot Sn+1 that has the most particles
of the subhalo at snapshot Sn weighted by particle rank based on the binding
energy of the particles. Progenitor-descendant connections can occasionally
skip a snapshot if a subhalo passes through a high density region and is
therefore not found by SUBFIND then. Based on these progenitor-descendant
connections merger trees are costructed through all snapshots, for each halo
containing pointers, if present, to its progenitor, descendant, next most massive
progenitor of its descendant, the dominant subhalo in its FOF group, and the
next most massive subhalo in its FOF group (Boylan-Kolchin et al. 2009).
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To detect mergers experienced by dwarf galaxies we scale the Millennium-
II simulation down by a factor 10 and a factor 100 in mass. This means that
in the rescaled versions we reach mass resolutions of 6.885 × 105 h−1M⊙ and
6.885 × 104 h−1M⊙ which resolves dark matter halos down to Mhalo = 2 ×
107 M⊙ andMhalo = 2 × 106 M⊙, respectively. Naturally, we correspondingly
also scale positions and velocities by the same factor, namely 101/3 in the first
case, and by 1001/3 in the second case.
Throughout this paper a virial mass Mvir denotes M200crit, i.e. the mass
within the radius where the mean density of a halo is 200 times the critical
density of the universe at that redshift. We mainly use this mass for selecting
galaxies and halos within a specified range at redshift z = 0. Mvir is well
defined only for galaxies that are the central (i.e. most massive or dominant)
halo within their FOF-halo. Mhalo denotes the total mass of all the particles
gravitationally bound to a subhalo, and Mz denotes Mhalo at z > 0, usually
used in the context of this Chapter at the snapshot before merging.
Figure 5.1 shows the halomass function at z = 0 for the originalMillennium-
II simulation (in black) and for both scaled versions (red and blue, by factors
10 and 100 respectively). The scaled versions agree very well with the original
Millennium-II within the range where they overlap, except for the very first
and last mass bins. On the high mass end incompleteness and limited volume
affect progressively the counts in the scaled versions. On the low mass end
the resolution is the driver of the differences. Figure 5.1 clearly shows that
by combining results from the original simulation (black), a version scaled
down in mass by a factor 10 (red), and one scaled down by a factor 100
(blue), we have extended the well-resolved halos towards masses slightly
aboveMvir = 10
6 M⊙.
5.2.2 The semi-analytical model
The galaxy formation model we use is a modified version of the Munich semi-
analytic model that has been shown to work well for the satellites in the Local
Group (Starkenburg et al. 2013). A slightly different version of the model ran
on the Millennium-II simulation is described in Guo et al. (2011).
The merger trees and subhalo properties obtained from the N-body sim-
ulation are used in the semi-analytic model to follow the evolution of the
galaxies that reside in the halos. The model is based on a set of simple but
astrophysically and/or observationally motivated “prescriptions” which take
into account the relevant baryonic physical processes for galaxy formation and
evolution. This results in a model that is fast and can compute the properties
and evolution of all galaxies in a large cosmological simulation, but does
not explicitly follow their dynamics and by itself does not provide spatial
information.
The semi-analytic model we use was first introduced in Kauffmann et al.
(1999), was further expanded, updated, modified, and described in Springel
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et al. (2001a); De Lucia et al. (2004); Croton et al. (2006); De Lucia & Blaizot
(2007); De Lucia & Helmi (2008); Li et al. (2009, 2010), and lastly in Starkenburg
et al. (2013). In particular, the version we apply uses the “ejection” feedback
scheme introduced in De Lucia et al. (2004). In comparison, the feedback
schemes of Croton et al. (2006); De Lucia & Blaizot (2007) significantly over-
predict the number of galaxies with stellar mass between 107 and 1010 M⊙
(Guo et al. 2011). On the other hand, the feedback scheme from De Lucia et al.
(2004) results in more extended star formation histories and higher efficiencies
in transforming gas into stars, which therefore results in higher luminosities
for massive galaxies: up to 0.8 mag brighter than observed for the brightest
cluster galaxies (De Lucia & Blaizot 2007). The model we use also employs
a slightly earlier reionization epoch and additional suppression of cooling in
small halos (Tvir < 10
4 K) motivated by improved modeling for the low mass
galaxies. Below we shortly describe the basic processes in the model.
Reionization is modeled following Gnedin (2000) and Croton et al. (2006).
It lasts from z = 15 to z = 11.5, and causes a decrease in baryonic content for all
halos equal or below a redshift-dependent so-called filtering mass. The hot gas
in halos can cool depending on the metallicity and temperature of the gas. This
is however forbidden below the atomic hydrogen cooling limit Tvir = 10
4 K
under the assumption that in most cases any molecular hydrogen undergoes
photodissociation by UV radiation from the (first) stars. Cold gas is assumed
to be in an exponential thin disk with properties based on the formalism of
Mo et al. (1998). This cold gas can form stars when above a critical surface
density threshold Σcrit = 0.59V200/rSF,disk, assuming a star-forming disk
radius rSF,disk = 3Rd (where Rd denotes the disk scale radius), a flat rotation
curve for the gas disk with Vrot = V200, and a fixed gas velocity dispersion of
6 km/s (Kennicutt 1989). The star formation rate is proportional to the amount
of gas above the threshold. During major mergers star formation can happen
in bursts when (a part of the total amount of) cold gas is transformed into
stars. The model assumes a Chabrier (Chabrier 2003) initial mass function, and
assumes instantaneous recycling from Type II supernovae ejecta. This implies
that 43% of the mass in stars formed is (instantaneously) recycled back into the
(cold) gas phase together with an equal fraction of metals formed in these Type
II SNe events. In general metals follow the mass flow between the different
baryonic components. Gas ejection induced by supernovae is dependent on
the mass of the halo (∝ 1/V 2200). The ejected gas by supernovae feedback is
put in a separate component that can later be reincorporated in the hot gas
component.
If a galaxy becomes a satellite the hot gas and ejected gas components
are assumed to be stripped instantaneously and are added to the new host.
Starkenburg et al. (2013) further introduce stellar stripping and tidal disruption
prescriptions for satellite galaxies, but we do not apply those prescriptions in
our runs because our focus is on the lowest mass field (isolated) galaxies.
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Moster et al. 2013
Guo et al. 2010
Behroozi et al. 2013
Figure 5.2 – The halo mass–stellar mass function, defined as the median of the stellar mass and
halo mass (Mvir) for the galaxies of central subhalos at z = 0 for the original Millennium-II
simulation (black), mass-scaled by a factor 10 (red), and mass-scaled by a factor 100 (blue) with the
location of the selected galaxies highlighted (light-blue shaded area). Overplotted are three halo
mass–stellar mass relations: from Guo et al. (2010): dotted line with the light grey area denoting
σ = 0.2 dex, from Moster et al. (2013): dashed line, with the grey shaded area denoting σ = 0.15
dex, and from Behroozi et al. (2013a): dot-dashed line with the dark grey shaded area denoting
σ = 0.3 dex.
5.2.3 Some properties of the galaxies in the model
We apply the semi-analytic model described above to the Millennium-II
simulation, and to this same simulation rescaled by a factor of 10 and a factor
of 100, with the goal of exploring mergers on the scale of dwarf galaxies,
especially with dark satellites. It is important to realize that because of
this scaling-down, galaxies at a fixed mass could reside in quite different
environments in each of the simulations “versions”; the massive clusters in
the Millennium-II will now be large groups or small clusters, and a group like
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Figure 5.3 – The stellar mass and cold gas mass for isolated galaxies at z = 0 in the original
Millennium-II (black), the version scaled by 10 (red), and the version scaled by 100 (blue), with
our selection of galaxies (108M⊙ < Mvir < 10
10M⊙, M⋆ > 0 and the central halo in their tree)
highlighted for all three versions (original: grey, scaled by 10: dark green, scaled by 100: light
green).
the Local Group will be a small group of dwarf galaxies if scaled in mass by a
factor of 100.
Since our focus is on the dwarf galaxy scale, we will not discuss the general
properties of the galaxy population. As mentioned earlier, the model is known
to have shortcomings for massive systems, where galaxies tend to be brighter
than estimated observationally for a given halo mass.
This is also apparent from Figure 5.2 where we show the halo mass–stellar
mass function for central galaxies at z = 0, for all simulations “versions”.
Note that all three versions agree well over the range where they overlap.
Overplotted in Fig. 5.2 are three halo mass–stellar mass relations with their
quoted uncertainties: derived by Behroozi et al. (2013a) (dot-dashed), Moster
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et al. (2013) (dashed), and a theoretical prediction from Guo et al. (2010)
(dotted). Note how our semi-analytic model appears to overpredict the stellar
mass for fixed halo mass for a large range in halo masses, especially for
Mvir & 1010.5 M⊙ where the empirical relations are best calibrated. For lower
masses these empirical relations are largely extrapolations, what explains their
great variety. In this regime, the SA model we use depicts good agreement
with the results of hydrodynamical simulations (see e.g. Fig. 14 of Starkenburg
et al. 2013). It is also here where e.g. Yaryura et al. (2016) argue that the model
galaxies are embedded in the right dark matter halos from a comparison to the
HI velocity function. This is in fact the shaded region (light blue) where we
select the dwarf galaxies that are the focus of our work, i.e. those with virial
mass in the range of 108 M⊙ ≤Mvir ≤ 1010 M⊙.
Figure 5.2 shows that there are a small number of halos with virial masses
belowMvir ∼ 109 M⊙ that do have stars. These are all halos that are isolated.
A subset, however, consists of central halos at z = 0 that were subhalos in
their past. Those are not considered further in our analysis as they do not
correspond to the central halos within their halo trees.
The relation between the cold gas mass and stellar mass of isolated galaxies
with 105M⊙ ≤ M⋆ ≤ 109M⊙ at z = 0 is shown in Fig. 5.3. Irrespective of
the large scatter there is the expected general correlation, although the scatter
is significant, of the order of 1–2 dex in cold gas mass and 1–3 dex in stellar
mass especially at the low mass end. This is particularly apparent from the
distribution of solid circles, which corresponds to the objects of interest, i.e.
those selected by virial mass (108 M⊙ ≤ Mvir ≤ 1010 M⊙; blue shaded area in
Fig. 5.2). Note that these objects are typically also rather gas-rich, with more
baryons in the form of cold gas than in stars.
5.3 Results
5.3.1 Dwarf and dark galaxies in the scaled simulations
As we are mainly interested in the low mass halos, and which of those contain
a dwarf galaxy and which stay dark, we show in Fig. 5.4 the fraction of dark
objects as a function of halo mass1 in the regime of interest. The fractions of
dark objects and the mass at which the transition from mostly dark to mostly
bright objects occurs agrees very well amongst the three simulation runs. For
central galaxies 50% of the objects are bright, and 50% remains dark2, around
Mvir ∼ 109.4 M⊙, while for satellites this happens atMvir ∼ 109.0 M⊙.
For the purpose of this Chapter, we are mostly interested in the dwarf
galaxies that are isolated, i.e. they are not a satellite of a bigger galaxy.
Therefore, we select dwarf galaxies that are the main galaxies within their
1For centrals (type0) the mass isMvir, while for satellites (typeI) the mass measured isMhalo.
2We count as dark also objects withMstar = 0 butMgas 6= 0.
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Figure 5.4 – The fraction of dark galaxies (M⋆ = 0) as a function of Mvir for galaxies from the
semi-analytic run on the original Millennium-II simulation (black), a version mass-scaled by a
factor 10 (red), and a version mass-scaled by a factor 100 (blue).
merger tree and have a virial mass in the above-mentioned range and with
a stellar mass M⋆ > 0. For the merger trees of these systems we trace the
subhalos falling into the main branch that were themselves isolated halos
before infall, up to z ∼ 2, and explore the statistical properties of this set.
In general every halo experiences a large number of mergers but the
infalling subhalos are mostly of very low mass. We focus on secondaries that
are larger than 5%, 20% or 40% of the main halo mass at infall. We define the
mass ratio as the ratio of the number of particles gravitationally bound to the
satellite and to the host halo in the snapshot before the secondary becomes a
satellite. In Chapter 2 and Chapter 3 (Starkenburg & Helmi 2015; Starkenburg
et al. 2016, respectively) we show that such objects can exert a significant
perturbation on the main dwarf galaxy when the subhalos have pericenter
passages close to the stellar disk. We will take a closer look at the expected
pericenters for the systems in our sample in Sect. 5.3.3.
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5.3.2 Merger rates
For our set of dwarf galaxies we compute the fraction that experience a merger
between redshifts z = 2 and z = 0. We count events for which the last
snapshot before infall is within this range (i.e. the accreted objects are not
necessarily fully disrupted by the present day). We consider only hosts with
> 100 particles, and satellites with a minimum of 20 particles.
The fraction of systems experiencing a merger with a single (i.e. not part
of a group) infalling satellite will vary depending on whether we consider
all hosts, or only those with stars at all times (and not just at z = 0). For
example if we count all satellites that fall onto, and later merge with, the main
branch of the tree (defined as that with the largest number of halo particles
at each snapshot) in the simulation with the highest mass resolution (i.e. that
scaled by 100), we find that 66% of the hosts within our selection criteria have
experienced at least one merger with mass ratio m/Mz ≥ 0.05 since z = 2.
For a merger mass ratio of m/Mz ≥ 0.2 this drops to 43% and for a mass
ratio of m/Mz ≥ 0.4, it is 27%. Almost all of the infalling satellites are dark.
For this definition of a merger, of the 5099 selected hosts in this simulation
only two have no merger at all above the resolution limit imposed. For the
“lower resolution” versions the number of infalling satellites is smaller, and
the number of halos without any mergers below a given threshold is naturally
higher.
However, as we are interested in the merger fractions for dwarf galaxies,
we also provide a different estimate. This estimate of the merger fraction is
obtained by defining the main stellar branch of the tree as the branch that
follows the most massive progenitors that contain stars. Furthermore we
require that the infalling subhalos are star-less or dark. If we then compute
the fraction of present-day dwarf galaxies that have experienced at least one
merger with a dark satellite since z = 2 the estimate drops slightly, to 60% for
m/Mz ≥ 0.05, 27% for m/Mz ≥ 0.2, and 14% for m/Mz ≥ 0.4. This is partly
because even though we follow the stellar main branch, some of the selected
dwarf galaxies at z = 0 do not have stars at higher redshifts. Furthermore for
a significant number of those that do, the stellar component is not in the most
massive halos that are defined to be the main branch but in infalling halos. A
complex, often stochastic, star formation history is expected at this low mass
end where within a narrow range of virial masses, some halos will be able to
form stars but others will not. Note that if a satellite containing stars falls onto
a host halo that is still dark we consider this as a dark-light merger as well,
and the main halo will contain this stellar mass when the infalling system is
dissolved. However, overall the fraction of dark satellites is overwhelmingly
dominant within the population of infalling satellites.
Figure 5.5 shows the distribution of present day virial mass for the selected
dwarf galaxies that have experienced amerger above a given mass ratio, where
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Figure 5.5 – The distribution of virial mass for the complete sample of dwarf galaxies (black) in the original simulation (solid), scaled by 10 (dotted),
and scaled by 100 (dashed), and the ones with at least one merger with a dark secondary with merger mass ratiom/Mz ≥ 0.05 (left panel),m/Mz ≥
0.2 (middle panel), andm/Mz ≥ 0.4 (right panel) for 0 < z < 2 (blue), and for 0 < z < 0.5 (red). For the lowest merger mass ratio (m/Mz ≥ 0.05)
there is a significant difference due to resolution effects: 43% of the selected halos in the original version experience a merger for z < 2 and 20% for
z < 0.5, while for the version scaled by 100 there fractions are 60% and 31%.
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stellar main branch). In black we show the virial mass function of the selected
dwarf galaxies, while the red curves correspond to the distribution for the
systems that have experienced a merger for z < 2, and the blue curves to those
for z < 0.5. The different linestyles depict the estimates obtained by using the
different simulation “versions”, and as the figure shows, they agree very well
with each other. Most of the difference in the distributions, really only apparent
when considering the lowest merger mass ratios, is due to resolution effects:
either to the main halos dropping below the limit of 100 particles, and/or
the satellites dropping below the subhalo resolution limit of 20 particles. For
Fornax-like host galaxies (with Mvir ∼ 109.5 M⊙) approximately 50%, 20%,
and 10% will have experienced a merger with mass ratio m/Mz > 0.05,
m/Mz > 0.2, and m/Mz > 0.4, respectively since z = 2. For z < 0.5 these
values are ∼ 30% for m/Mz > 0.05, ∼ 10% for m/Mz > 0.2, and ∼ 5% for
m/Mz > 0.4.
Figure 5.6 shows the expected fraction of dwarf galaxies having experi-
enced a merger within a fixed lookback time. For these numbers we have
combined the mergers found in all three versions of the simulation. Clearly
mergers involving higher mass ratios are less common. In agreement with
results for other N-body simulations the merger fraction increases slowly
toward higher virial masses (see also Stewart et al. 2008), as shown by the
left hand-side panels. For a galaxy of Mvir ∼ 109.5 M⊙ the fraction having
experienced a merger within the last 2 Gyr is ∼ 0.11,∼ 0.04, and ∼ 0.02 for the
different mass ratios considered.
The panels on the right of Figure 5.6 show the same expected fraction but
now as function of the present day stellar mass of the dwarf (as predicted by
the semi-analytic model, and which has thus far neglected the effect of the type
of mergers we discuss now). We see that for low stellar masses the fraction
appears to be relatively flat, while at high masses there appears to be a bump.
This behavior may be understood in part because halos of a given virial mass
can host galaxies with a large range of stellar masses (leading as it were to a
redistribution of the merger fractions shown in the left panels). The fall-off at
the high mass end is likely a reflection of the drop in the number of selected
galaxies at the upper limit of the virial mass, Mvir ≤ 1010 M⊙ also seen in
Fig. 5.5 .
5.3.3 Properties of the most significant mergers
Mass ratios with respect to the stellar component
As a result of the low fraction of baryonic mass in low mass halos the stellar
component of dwarf galaxies can be extremely small. In a merger event the
mass ratio of the secondary halo to the stellar mass (or disk mass) of the
primary halo can thus be very large. If the secondary has pericentric passages
close in, a minor merger event will actually have the characteristics of a major
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Figure 5.6 – The fraction of dwarf galaxies experiencing a merger within a lookback time of t = 2
Gyr, t = 4 Gyr, t = 6 Gyr, t = 8 Gyr, and t = 10 Gyr for all three versions of the simulation
with virial mass (left panels) and with stellar mass (right panels), where the primary is bright and
the secondary is dark with a merger mass ratio m/Mz ≥ 0.05 (top panels),m/Mz ≥ 0.2 (middle
panels), or m/Mz ≥ 0.4 (bottom panels). Error bars reflect poisson errors in the sample and
number of dwarf galaxies having experienced a merger.
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Figure 5.7 – The distribution of secondary halo mass to main stellar mass ratio, m/Mstars,main ,
for all mergers where the main halo has stars and m/Mz ≥ 0.2 and the stellar component has
M⋆ ≥ 105 M⊙. Themass in the stellar component is low for many of the dwarf galaxies, especially
at large lookback times, which results in the satellite being more than 1000 times as massive as the
stellar component in many cases.
merger for the galaxy (see Chapter 2 and Chapter 3). Therefore it is interesting
to explore the mass ratio of the secondary halo and the stellar mass of the
primary halo in the dwarf-dark mergers. The distribution of mass ratios is
plotted in Fig. 5.7. The log-scale of the horizontal axis shows the enormous
range of mass ratios that we find, and reflects the vast range in stellar mass
fractions that dwarf galaxies have, even though we restrict this plot to the
galaxies with well-resolved stellar components whereM⋆ > 10
5M⊙. Note that
Fig. 5.7 shows the mass ratio at the moment just before infall of the secondary.
For a deeply embedded pericentric passage the satellite will have lost about
90% of its pre-infall mass by the time of the first passage. Nevertheless, in
almost all cases the satellites will still be much more massive than the stellar
component at this point in time. Such an encounter will result in severe tidal
effects in the host dwarf galaxy as we describe in Chapter 2 and Chapter 3.
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Figure 5.8 – The estimated first pericenter radii versus the disk scale radii of the host galaxies.
The red line shows the relation rperi = 5Rd. About 1.5% of the 2285 merger cases shown has a
pericenter radius rperi < 5Rd . The pericenters are upper limits as they are estimated using the
closest first approach seen from the simulations and a test particle orbit in a spherical potential. All
cases shown have merger mass ratios m/Mz > 0.2, therefore dynamical friction will likely result
in smaller pericentric radii.
Since dwarfs are typically gas-rich, such an encounter will often imply the
triggering of a starburst.
Estimate of the pericentric distances
To determine how close the satellite comes to the central stellar disk of the
dwarf galaxy we obtain an estimate of the first pericenter radius combining
two methods. If we follow the positions of the dwarf and satellite halos in the
N-body simulation itself, this provides an upper limit to the first pericenter
that depends on the output frequency, the orbit, and the timescale on which
the satellite is destroyed. Using the position and velocity of this first minimum
radial distance determined from the simulation we derive another estimate,
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based on the energy and angular momentum at this point in time. The
pericentric distance is obtained assuming conservation of energy and angular
momenta, by requiring that the radial velocity of the satellite be zero at
pericenter, and by assuming that the host halo follows a NFW profile. There
are significant uncertainties associated to this procedure, but it allows us to
obtain an estimate (of the upper limit) of a first pericentric radius.
Figure 5.8 shows the estimated first pericentric radii against the disk scale
radius of the host dwarf galaxy at the time of first pericenter in the N-body
simulation. We have plotted here only mergers with mass ratios m/Mz > 0.2
for dwarf galaxies withMvir > 5×109M⊙ since z ∼ 0.5. Almost all pericenters
are much larger than the disk radii, but as these estimates are upper limits, a
significant fraction could have first pericentric passages close to the stellar disk
if dynamical friction were properly taken into account. All points below the
red line aremergerswhere the first pericentric passage is within 5Rd, which we
consider to be close to the disk. Even with the upper limits for the pericentric
radii, this is already true for about 1.5% of the m/Mz > 0.2, z < 0.5, and
Mvir > 5× 109 M⊙ mergers.
5.3.4 Environment
Figure 5.9 shows the z = 0 environment of three dwarf galaxies in our sample,
all from the scaled by 10 “version”: in the outskirts of a larger group (top
panels), and in two more isolated environments (middle and bottom panels).
Hence, this figure reflects the variety in environments where the isolated dwarf
galaxies can be found (in all versions of the simulation in fact).
Interestingly, for this figure we required the dwarf galaxies to haveMvir >
5×109M⊙, and to have experienced a minor merger with a dark satellite since
z = 0.5 where the pericentric distance upper limit is smaller than the virial
radius of the host (sub)halo. In all cases, the dwarf galaxy is the central object
within its most direct environment (i.e. it is not a satellite itself)3. In the case
of the top panel, the dwarf itself has Mvir = 7.0 × 109M⊙, no close neighbors
(within its halo tree) with stars, but it is on the edge of a more massive group
where the central galaxy, at distance of 1220 kpc, has a virial mass of Mvir =
4.7× 1012M⊙. The dwarf shown in the middle panel hasMvir = 9.0× 109 M⊙
and only a few bright neighbors within 1 Mpc, the most massive of which
hasMvir = 9.9 × 1010 M⊙. Finally the bottom panel of Fig. 5.9 shows a dwarf
galaxy ofMvir = 6.6×109M⊙ in a filamentary structure with two small groups
on either side. The most massive halo in the neighborhood has Mvir = 1.4 ×
1011 M⊙.
3Mergers between satellites do happen (Angulo et al. 2009; Deason et al. 2014), but the effects
of these on the galaxies within the satellite halos is probably small because of the background
potential of the main halo.
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Figure 5.9 – Environmentwithin a box of 2x2x2 Mpc around a subset of three of our selected dwarf
galaxies (in red), in the simulation version scaled by a factor 10 in mass. All halos within the box
are shown (grey: all; black: part of the tree of the central galaxy; filled circles: central halos; open
circles: subhalos) with the ones that have stars highlighted (blue).
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5.4 Discussion
In this Chapter we have quantified the likelihood of mergers between dwarf
galaxies and dark satellites. To this end we have combined the Millennium-II
cosmological N-body simulation, and two scaled down versions, with a semi-
analytic galaxy formation model.
The semi-analytic model is necessary to determine whether a halo hosts
a bright galaxy or has remained dark. We believe that the specifics of the
model do not affect the derived estimates of the merger fractions very strongly
because of the relatively weak dependence on virial mass of the host (see e.g.
Fig. 5.6), particularly for mergers that have taken place in the last 6 - 8 Gyr.
Furthermore the range in which the transition occurs from mostly dark halos
to halos hosting luminous galaxies agrees well with the results of a variety of
models from the literature (Gnedin 2000; Hoeft et al. 2006; Kaufmann et al.
2007; Okamoto et al. 2008; Gnedin et al. 2009; Li et al. 2010; Sawala et al. 2013).
Although it is not fully correct to rescale the Millennium-II as we have
done (doing this properly would require scaling the time axis as well), it is
reassuring that the estimates obtained are consistent with extrapolations from
the literature. For example, we can compare the fraction of dwarf galaxies that
experienced a merger within a certain range of halo mass ratios and within a
certain redshift or lookback time to the work of Fakhouri et al. (2010). Although
these authors compute merger rates on the basis of mergers of Friends-Of-
Friends halos and not the infall of subhalos with respect to the central halo
within a FOF-halo, their fitted formula predicts ≈ 0.26 and ≈ 0.50 mergers
for a halo with Mhalo,FOF ∼ 109 M⊙ integrated over mass ratios > 0.4 and
> 0.2 and redshift 0 < z < 2, which is close to the values of 27% and 43% we
find. Stewart et al. (2008) do use similar definitions of halo masses andmergers
(infalling subhalos) as we do, but they define merger mass ratios with respect
to the present day mass of the halo. Therefore, although we find a similar
dependence on present day virial mass (see their Fig. 6), we can not compare
merger fractions quantitatively.
The semi-analytic model as it is implemented does not consider the possi-
bility that mergers with dark objects could significantly impact galaxies, and
while this may be the case for large systems, we have shown in Chapter 2, 3,
and 4 that this is not true for dwarf galaxies. In most semi-analytic models
available in the literature changes in galaxy properties due to mergers (i.e.
bursts of star formation, bulge growth) are determined based on (the ratio
of) the stellar and cold gas mass of the merging systems (Somerville & Dave´
2015, and references therein), and for galaxies like the Milky Way, this ratio is
similar to that obtained using their virial masses. On the other hand, for dark–
dwarf mergers, the first ratio is zero, and even if the ratio of virial masses is
only ∼ 0.2, we have shown in Sect. 5.3.2, that the infalling dark halo is almost
always much heavier than the stellar component of the dwarf, reaching ratios
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as large as m/Mstar & 105 (although this estimate is somewhat dependent
on the specific implementation of baryonic physics on this mass scale). This
implies that semi-analytic models should be adjusted to take such mergers into
account and hence provide more robust predictions of the properties of dwarf
galaxies.
5.5 Conclusions
In a ΛCDM universe dark matter halos are abundant, but toward lower
masses a steeply increasing fraction will remain starless. Nevertheless, these
small dark matter halos can leave imprints on galaxies, especially on the low
mass dwarfs as shown earlier in this Thesis. In this Chapter we have used
the large cosmological N-body simulation Millennium-II coupled to a semi-
analytic galaxy formation model to determine the fraction of dwarf galaxies
that have experienced significant mergers with dark satellites since redshift
z = 2. To increase the range of resolved halo masses we have scaled down
the N-body simulation by a factor of 10 and by a factor of 100 in mass. The
rescaled versions of the simulation agree well within the mass range where
they overlap, and this procedure thus allows us to resolve infalling satellites
down toMhalo = 2× 106 M⊙ in the “highest resolution version”.
For our sample of dwarf galaxies with 108 M⊙ ≤ Mvir ≤ 1010 M⊙, stellar
mass M⋆ > 0, and which are the central galaxy within their halo merger tree,
we find that ∼ 27% experiences at least one merger with mass ratio m/Mz >
0.2, with a dark satellite since z ∼ 2. Roughly ∼ 10% has experienced at least
one such merger for z < 0.5.
In Chapters 2 and 3 we have shown the extreme effects such infalling
dark satellites can have on dwarf galaxies, causing strong bursts of star
formation and severely disturbed morphologies and kinematics. There we
found that one of the drivers behind the strength of the effects is the large
ratio between the satellite’s mass and the host’s stellar mass, m/M⋆. For the
dark-dwarf interactions identified in the cosmological simulation Millennium-
II, thesem/M⋆ ratios are often much larger than we had assumed in Chapters 2
and 3. For example, approximately half of the mergers with virial mass
ratios m/Mz > 0.2 in our cosmological simulations have m/M⋆ ∼ 103–105.
Although limited by the time resolution of the simulations, we have found
that a minimum of 1.5% of the accreted satellites in events with z < 0.5,
Mvir > 5 × 109 M⊙, and m/Mz > 0.2, come within a few disk scale lengths of
the stellar disk in their first pericentric passage, thus enhancing their dramatic
impact even more.
In conclusion, we have shown that an important fraction of the dwarf
galaxy population will have experienced a significant merger with a dark
satellite in the not so distant past. These events should therefore be considered
if the aim is to understand the properties and evolution of dwarf galaxies.
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